We combine experiment and computer simulation to show how macromolecular crowding dramatically affects the structure, function, and folding landscape of phosphoglycerate kinase (PGK). Fluorescence labeling shows that compact states of yeast PGK are populated as the amount of crowding agents (Ficoll 70) increases. Coarse-grained molecular simulations reveal three compact ensembles: C (crystal structure), CC (collapsed crystal), and Sph (spherical compact). With an adjustment for viscosity, crowded wild-type PGK and fluorescent PGK are about 15 times or more active in 200 mg∕ml Ficoll than in aqueous solution. Our results suggest a previously undescribed solution to the classic problem of how the ADP and diphosphoglycerate binding sites of PGK come together to make ATP: Rather than undergoing a hinge motion, the ADP and substrate sites are already located in proximity under crowded conditions that mimic the in vivo conditions under which the enzyme actually operates. We also examine T-jump unfolding of PGK as a function of crowding experimentally. We uncover a nonmonotonic folding relaxation time vs. Ficoll concentration. Theory and modeling explain why an optimum concentration exists for fastest folding. Below the optimum, folding slows down because the unfolded state is stabilized relative to the transition state. Above the optimum, folding slows down because of increased viscosity.
We combine experiment and computer simulation to show how macromolecular crowding dramatically affects the structure, function, and folding landscape of phosphoglycerate kinase (PGK). Fluorescence labeling shows that compact states of yeast PGK are populated as the amount of crowding agents (Ficoll 70) increases. Coarse-grained molecular simulations reveal three compact ensembles: C (crystal structure), CC (collapsed crystal), and Sph (spherical compact). With an adjustment for viscosity, crowded wild-type PGK and fluorescent PGK are about 15 times or more active in 200 mg∕ml Ficoll than in aqueous solution. Our results suggest a previously undescribed solution to the classic problem of how the ADP and diphosphoglycerate binding sites of PGK come together to make ATP: Rather than undergoing a hinge motion, the ADP and substrate sites are already located in proximity under crowded conditions that mimic the in vivo conditions under which the enzyme actually operates. We also examine T-jump unfolding of PGK as a function of crowding experimentally. We uncover a nonmonotonic folding relaxation time vs. Ficoll concentration. Theory and modeling explain why an optimum concentration exists for fastest folding. Below the optimum, folding slows down because the unfolded state is stabilized relative to the transition state. Above the optimum, folding slows down because of increased viscosity.
enzymatic activity | FRET | folding kinetics | thermal denaturation | protein conformational changes P hosphoglycerate kinase (PGK) is a 415-residue metabolic enzyme that produces ATP and is composed of two roughly equally sized subunits connected by a flexible hinge (1) . In the crystal structure, the ADP and diphosphoglycerate binding sites, each located at an N and C subunit, are separated. It has been suggested that a large-scale conformational change (2) is necessary to bring the two subunits together when the phosphoryl group is catalytically transferred, and a hinge-bending mechanism has been postulated (3), bringing together both substrates at the inner surfaces of the C and N subdomains (4, 5) .
It is still unclear how the conformational and folding dynamics of PGK is affected by the interior of a cell, which is heavily crowded by macromolecules (6, 7) . Various computational and theoretical studies have been developed to address the effect of volume exclusion exerted by surrounding macromolecules on protein activity inside cells, called the "macromolecular crowding effect" (8) . This effect, in addition to weak chemical interactions between proteins and crowders (9) , can stabilize the folded states of a protein relative to the unfolded state (10) , perturb folding barriers (11, 12) , and alter folding rates (13) and folding routes (14) .
Macromolecular crowding could selectively stabilize one folded protein structure over another (8, (15) (16) (17) , particularly for proteins that are structurally malleable so their domains aligned in different orientations would have similar free energies (18) . Thus, what we regard as the native structural ensemble depends on whether the protein is in aqueous buffer, in a solution crowded by macromolecules, or packed in a crystal.
In our work, structural changes of PGK are revealed by FRET experiments where the N and C termini are labeled with AcGFP1 and mCherry as fluorescent markers (Fig. 1) . A crowded environment is achieved by the addition of inert Ficoll 70 carbohydrate to the samples. When the crowding content is increased, we observe changes in FRET that point to new compact structures being populated. Our simulations provide a high-resolution interpretation of the structural changes induced in PGK by crowding. Upon crowding, two other compact conformations [collapsed crystal (CC) and spherical (Sph)] exceed the stability of the crystal structure.
Strikingly, these structural changes of PGK upon crowding have a major functional consequence. An enzymatic activity assay shows that ATP production is enhanced over 25-fold in the crowded wild-type enzyme, when taking into account increased solvent viscosity. The donor/acceptor labeled PGK also becomes much more enzymatically active. We suggest that in vivo, PGK is already structurally primed to catalyze by forming in a collapsed compact form (e.g., CC and/or Sph structural ensembles) rather than requiring hinge motions.
The effects of crowding on PGK folding kinetics are also very pronounced. We measured the folding/unfolding relaxation time τ near the thermal denaturation midpoint of PGK. A plot of ln τ vs. Ficoll concentration has a "v" or chevron shape, indicating that there is an optimal crowder concentration for fastest folding. This observation is in accord with theory and computational models (13) . High concentrations of sucrose do not show similar structural or kinetic effects, so the connectivity of Ficoll and hence crowding are needed to affect the large amplitude motions of the two-subunit protein PGK, be it functional dynamics involving enzymatic activity (a new compact native state) or folding dynamics (crowding-viscosity competition). temperature and Ficoll concentration. Monitoring the steadystate donor-acceptor (D/A) ratio of the construct at 22.3AE 0.5°C, we observed a small but reproducible lag upon going from 0 mg∕ml Ficoll to 50 mg∕ml Ficoll. As the concentration of Ficoll was further increased, D/A decreased continuously ( Fig. 2A) . The highest Ficoll concentration of 300 mg∕ml corresponds to an experimental crowder volume fraction of ϕ c E ≈ 20% (see Experimental and Computational Methods for details on calculation of ϕ c E ). At room temperature, crowding conditions result in conformational changes of the protein that eventually decrease the donor-acceptor distance when more crowder is added.
As a first control, we measured the D/A ratio as a function of sucrose concentration. We observed that D/A was almost constant over the entire range from 0-300 mg∕ml (see SI Appendix), thus showing that Ficoll indeed induces compact states of PGK through macromolecular crowding and not through proteincarbohydrate nonspecific interactions. As a second control, we measured the intrinsic response of the AcGFP1 and mCherry fluorophores (open triangles in Fig. 2A ) as a function of Ficoll concentration. For this purpose, we excited donor (green) fluorescence of an AcGFP1-PGK construct and acceptor (red) fluorescence of the AcGFP1-PGK-mCherry construct by exciting mCherry directly. D/A is nearly crowding-independent ( Fig. 2A) and cannot account for the compact states of PGK observed at high crowder concentration.
Protein Stability as a Function of Crowding. Upon Ficoll crowding, the stability of PGK construct increases, in agreement with predictions made previously (13) and also subsequent experiments on other proteins (19) . In aqueous buffer, the construct had a melting temperature of T m ¼ 39°C (see Experimental and Computational Methods). T m increased slightly with crowder concentration (Fig. 2C) . The maximum crowder concentration for the higher temperature experiments was 200 mg∕ml (ϕ c E ≈ 13% volume fraction) to avoid aggregation of the construct. However, addition of sucrose also results in significant thermodynamic stabilization (see Fig. S1 ), indicating that thermodynamic stabilization caused by macromolecular crowding is modest. Thermal titrations up to 50°C were >90% reversible to the room temperature signal in aqueous, sucrose, and Ficoll solutions.
Enzymatic Activity Increases with Crowding. As seen in Table 1 , enzymatic activity of wild-type PGK increases about fivefold when the Ficoll concentration is raised to 100 mg∕ml, and even more at 200 mg∕ml. Ordinarily, the increased viscosity of the Ficoll solution should slow down the catalytic rate. If the viscosity increase is taken into account (Table 1) , the net increase in activity is over 12-fold at 100 mg∕ml, and even higher at 200 mg∕ml of Ficoll (ϕ c E ≈ 13%). The FRET-labeled PGK yields similar results. Enzymatic activity is similar compared to the wild type ( increased about threefold. If one includes the effect of slower substrate diffusion in the viscous crowding matrix (Table 1) , the activity increase is actually enhanced over sixfold in 100 mg∕ml Ficoll, and over 15-fold in 200 mg∕ml Ficoll. These increases in activity are much greater than the <2-fold changes usually observed upon addition of osmolytes or crowders (20) to enzyme solutions, another indication of a larger structural change. A control experiment in 100 mg∕ml sucrose simply resulted in a reduction of enzymatic activity (see Fig. S2 ), as expected at the higher viscosity. Thus, the enhancement of activity in Ficoll goes hand-in-hand with the more compact structure detected by FRET upon macromolecular crowding, in contrast to sucrose (Fig. S1) , and detected by simulations below.
Chevron Plot of Relaxation Time vs. Crowder Concentration. The PGK relaxation rate is maximized at a well-defined crowder concentration. The AcGFP1-PGK-mCherry construct was laser temperature jumped from 39.8 AE 0.5 to 44.0 AE 0.5°C at several crowder concentrations. When relaxation is measured by temperature jumps to 44°C, the unfolding rate is weighted slightly more than the folding rate in the observed relaxation rate because T m ranged from 39 to 40.5°C. The relaxation time vs. crowder concentration is a "chevron" plot ( Fig. 2B ). The fastest relaxation is observed at 100 mg∕ml Ficoll concentration. In contrast, the relaxation rate in sucrose decreases monotonically with increasing concentration (see SI Appendix). Addition of sucrose only results in increased viscosity, not in any crowding effect.
Folding Energy Landscape of PGK in Silico Changes upon Crowding. In order to investigate the stability and structure of PGK, we calculated the free energy landscapes of PGK. We identified four states: C (crystal structure), CC (collapsed crystal structure), Sph (spherical compact state), and U (thermally denatured state). The structures of these states are discussed in detail in the next subsection. In Fig. 3 we plot the ensemble populations as a function of volume fraction of crowders (ϕ c ¼ 0-40%) and temperature (0.9 to 1.47k B T∕ε) using structural similarity χ (χ equals 0 for the crystal structure, 1 for highly dissimilar structures) (21) and radius of gyration R g as the order parameters characterizing the energy landscape of PGK.
At low temperature and in the absence of crowders, the C and CC states are populated (Fig. 3A) . As ϕ c increases, the population of the C states reduces. At ϕ c ¼ 25%, CC and Sph are both populated, while the population of C is significantly destabilized by approximately 4k B T (Fig. 3D) . Finally, at the highest crowding (ϕ c ¼ 40%), the Sph structure prevails. (Fig. 3G) .
When the temperature is increased from k B T∕ε ¼ 0.9 to k B T∕ε ¼ 1.17 (ε is the solvent-mediated interaction; see SI Appendix for details), the CC and Sph structures become extensively populated even in the absence of crowding (Fig. 3B) , and the Sph structure dominates under crowded conditions ( Fig. 3 E and H) . Finally, at the highest temperature, the unfolded state dominates under all crowding conditions. Structural Characteristics of Compact PGK States in Silico. We characterized the coarse-grained structural properties of PGK with four parameters (see Experimental and Computational Methods): structural similarity χ, radius of gyration R g , asphericity Δ (Δ ¼ 0 is sphere, Δ ¼ 1 is rod) and shape parameter S (S ¼ −0.25 is oblate, S ¼ 2 is prolate). The crystal structure ensemble C had 0.05 ≤ χ ≤ 0. To better illustrate the structural differences among ensemble conformations of PGK in atomistic detail, we reconstructed the coarse-grained protein models of the C, CC, and Sph states into all-atomistic protein models using the reconstruction algorithm SCAAL (side chain−C α to all-atom) (15, 22) (Fig. 4 A-C) . In the C state, the two subunits are split wide apart as in an open "pacman" form. In the CC state, the cleft between the two subunits, a space accommodating the two substrates of PGK, closes, resembling a closed "pacman." The Sph state is formed by a major rearrangement of the two subunits over the hinge that involves twisting one of the two subunits with respect to the other, leaving at least one of the binding sites exposed to solvent.
In order to investigate the domain rearrangement in the Sph state in detail, we calculated the orientation between the N and C domains of PGK by measuring an angle (θ) formed by two representative vectors. Two vectors were defined, one on each domain, that are parallel in the crystal structure, and these were used to assess the relative orientation of the two domains (see SI Appendix for details). The calculation reveals that in the ensemble of the crystal state (C) θ is 0°(cos θ°¼ 1 represents that the two vectors are in parallel) as shown in Fig. S3 A and C. However, in the ensemble of the Sph state, θ between the two vectors is centered around 180°(cos θ ¼ −1) as shown in Fig. S3 B and D, representing the alignment of two domains is nearly antiparallel. This result suggests a twist bending motion in the Sph state of PGK involving a significant rearrangement of the protein's lobes under high crowding conditions.
The domain rearrangement can also be demonstrated by the gain or loss of contact formation, in the form of a contact map, in the C, CC, and Sph states characterized from the respective ensembles in Fig. S4 . The formation of new nonnative contacts (in green boxes) and the loss of native contacts (in orange boxes) across subdomains in the CC and Sph states compared to the Fig . 4D reveals the distinctive profile of the N-C distance (D N-C ) distribution for each compact structure taken from the crowding/temperature ensembles where it dominates. The CC state has the highest average D N-C , followed by the C and Sph states. In addition, the D N-C distribution of the CC state is by far the broadest, ranging from 5 Å to 50 Å. The reason for this wide distribution profile as well as high average is the greater mobility of the N and C termini, which are outwardly protruded when the protein's hinge is bent. In contrast, in the Sph state in which the two domains are twisted against each other, the N and C termini residues are found in the interior of the protein, thus significantly reducing the distribution and the average of D N-C .
In Silico Investigation of the Mg-ATP/3PGA Binding Sites. The effect of crowding on the structure of PGK pertinent to its enzymatic activity can be indicated by the spatial distance D b between the ATP and 3PGA binding sites. The two binding sites are located separately at the inner surfaces of the N and C subunits, and it is postulated that the closure of this cleft, bringing the two sites together, is necessary for an active enzymatic reaction (3, 23) . 
Discussion
Despite numerous studies of PGK's folding stability and dynamics (24) (25) (26) and the motion of its flexible hinge, by experiment (27) as well as by computation (28, 29) , it remains an open question to what extent the highly crowded environment can affect the PGK folding and structure and, ultimately, its enzymatic activity involving large-scale structural movement inside a cell. Although experimental studies using synthetic crowding agents have shown that the folding properties and enzymatic activity of simple proteins can be perturbed (30), our study shows that crowding leads to major conformational changes of PGK, with a major impact on its enzymatic activity. The tethers labeling PGK are too short to allow the donor-acceptor fluorescence ratio D/A to change by nearly a factor of 2 while PGK remains open, and the individual fluorophore controls reveal no intrinsic crowding dependence of D/A due to changing quantum yields ( Fig. 2A) . The D/A ratio observed in our experiments decreases rapidly with increasing Ficoll concentration, showing that the two subunits of PGK close in on each other upon being placed in a crowded environment. The observed D/A values correspond to the existence of at least two states of PGK and possibly a third state (resulting in a lag of D/A below 50 mg∕ml).
Our experimental interpretation is entirely consistent with the coarse-grained molecular simulations, which reveal three compact ensemble structures of PGK below its folding temperature. The lag and decrease of the D/A ratio with increased crowding may be explained by a progression of PGK through C, CC, and Sph states. In Fig. 3 A, D , and G the most probable PGK state is the C state at ϕ c ¼ 0, the CC state at ϕ c ¼ 25%, and the Sph state at ϕ c ¼ 40%. Crowding dramatically increases PGK activity, as demonstrated by an over 15-fold increase in viscosity-adjusted enzymatic activity of the construct. The increase is even more dramatic for wild type yeast PGK (without FRET labels) ( Table 1) . Complementary structural analysis of the compact PGK ensembles observed in the computer simulations reveals that the CC and Sph states indeed bring the two catalytic sites closer together (Fig. 5) . The binding sites of the CC ensemble are intact after PGK undergoes large structural changes while the binding sites in the Sph ensemble are rearranged. We suggest that, although the distance between the binding sites is reduced in both CC and Sph states, the CC states whose binding sites are structurally intact may be the most biochemically active. The additional activity of wild-type unlabeled PGK may be due to stabilization of CC compared to Sph, relative to the fluorescence-labeled triple mutant.
Our folding kinetics experiments show that domain collapse is not the only large amplitude motion affected by crowding. The measured folding kinetics vary nonmonotonically with crowder concentration, leading to a chevron-like plot with a maximal folding rate observed at a Ficoll concentration of 100 mg∕ml (Fig. 2B ). Below and above this concentration, the folding/ unfolding relaxation time increases. Models of macromolecular crowding have predicted an initial increase in the relaxation rate as crowder concentration is increased, followed by a decrease at even higher crowder concentrations. Based on predictions made Atomistic structures were reconstructed from coarse-grained protein models using SCAAL.
by computer simulations on the macromolecular crowding effects on WW folding (13) (Fig. 2B) , we rationalize the observed kinetic behavior as follows: Below the optimal crowder concentration, [Ficoll]*, where the folding rate is maximum (i.e., ½Ficoll Ã ¼ 100 mg∕ml), the unfolded state becomes conformationally more stable, slowing down the refolding rate; above the optimal crowder concentration, the viscosity increases rapidly, slowing down both the unfolding and refolding reactions. Chemical and crowding effects can obviously compete with one another, but in the case of PGK, simple crowding can explain all the observations (31) . In summary, we have shown that macromolecular crowding profoundly affects the structure of PGK, resulting in the formation of more compact and enzymatically more active structures. This has far-reaching implications, despite Ficoll 70 still being a cytomimetic material and lacking the polydisperse nature of a cell (32)-it suggests that in the crowded interior of a living cell, hinge-bending motions may not be necessary for PGK to carry out its function. Instead, the nucleotide and 1,3-DPG binding domains may already be in close proximity to each other for efficient catalysis to occur. Finally, we showed that macromolecular crowding and viscosity compete with each other, resulting in a uniquely defined concentration at which PGK folding is fastest. A speedup of folding upon crowding was also observed for lysozyme's "prompt" folding phase (33) (the one relevant here because PGK has no disulfide bridges).
Our combined experimental and computational effort highlights the importance of in vivo studies (34) in addition to crystallographic structure-function relationships and in vitro studies. The states in which PGK protein exists under crowding conditions have structural and kinetic characteristics very different from the state in dilute aqueous buffer (35) or in the crystal. This could turn out to be a general phenomenon for multisubunit (36) (37) (38) or partly unstructured proteins: the structural characteristics of the so-called "native state(s)" and how rapidly they fold or unfold will depend sensitively on the nature of their surrounding crowding conditions.
Experimental and Computational Methods
Protein Design and Expression. We designed a fusion protein consisting of a low-melting mutant (Y122W/W308F/W333F) of phosphoglycerate kinase (PGK) (24) , fused between a Green Fluorescent Protein (AcGFP1) donor (D) and an mCherry acceptor (A). AcGFP1 and mCherry are connected to the N and C termini by amino acid linkers consisting of two amino acids each. Unfolding of this protein leads to an increase in the N-C terminal distance, resulting in an increase in donor to acceptor fluorescence ratio (D/A) due to decrease in energy transfer by Förster resonance energy transfer. We expressed the fusion protein in E. coli and purified the construct on a Ni-NTA column as described previously (35) . A fusion protein consisting of AcGFP1 tagged to the N terminus of PGK was expressed and purified as described above.
Stability and Kinetics of Crowded Phosphoglycerate Kinase. For both thermodynamic and kinetic measurements, the protein solution was sandwiched between a cover slip and microscope slide by a 100 μm spacer, resulting in a column density of about 1;000 proteins∕μm 2 . This low density avoids protein-protein interactions while providing sufficient fluorescence for good detection sensitivity with a N/A 0.65 objective in an inverted fluorescence microscope.
Equilibrium titrations were performed by resistive heating of the microscope stage. Temperature was detected by mCherry fluorescence excited at 532 nm, which decreases as temperature increases, and independently calibrated by thermocouples below and above the sample slide. Measuring the equilibrium D/A ratio as a function of temperature yielded protein unfolding curves that were fitted to a sigmoidal model with a linear temperature dependence:
The equilibrium constant is an effective equilibrium constant because PGK is known not to be a two-state folder. We analyzed the melting temperature T m and the cooperativity parameter Δg 1 (negentropy, or first derivative of the free energy at T m ) of the unfolding transition in aqueous solution up to Ficoll concentrations of 200 mg∕ml. Δg 1 from Eq. 1 was fitted to 1.07 AE 0.16 kJ∕mole∕°C. The measurement uncertainty was too large to discern a trend (Fig. 2D) . The AcGFP1 and mCherry melting points exceed 70°C, so the observed transition corresponds to melting of the PGK within the construct. Concentrations greater than 200 mg∕ml resulted in PGK aggregation at the higher temperatures. 200 mg∕ml corresponds to a volume fraction of approximately ϕ c E ≈ 13%. Thermodynamic measurements in sucrose (Fisher Scientific) were possible up to a concentration of 150 mg∕ml; at higher concentrations, the protein started aggregating before yielding a denatured baseline, thus precluding determination of the melting temperature and effective cooperativity.
Experimental volume fractions of Ficoll 70 (ϕ c E ) were calculated using the partial specific volume of Ficoll, which is 0.67 ml∕g (39) . We used Ficoll with an average molecular mass of 70 kDa from Sigma-Aldrich. The highest volume fraction achievable in our experiments was ϕ c E ≈ 20%, while the simulations (see below) were carried out at ϕ c ¼ 0%, 25%, and 40%, thus allowing us to qualitatively compare the experimental results with the computer simulations.
Relaxation kinetics were induced by temperature jumps and monitored with 17 ms time-resolution for 15 s. A tailored mid-IR pulse (λ ¼ 2;200 nm) emitted by a diode laser jumped up the temperature of the protein solution from 39°C to 43°C, across the thermal unfolding transition. The key advantage of using a programmable diode laser is that the temperature profile can be adjusted to a step function, so the temperature after the jump is constant to within AE0.25°C. No sample recooling and backward relaxation occurs. The kinetics were described by a stretchedexponential signal of the form SðtÞ ∼ e −ðt∕τÞ β , which has been used previously to describe folding kinetics of several PGK mutants (24, 40). The hierarchical stretched-exponential description or "strange kinetics" provides a convenient way of summarizing the intermediate stages of folding with a single parameter β. The precision of the stretched-exponential fits for the time constant τ was AE0.01 s, while the error bar in Fig. 2B shows the accuracy of our kinetics measurements based on repeated measurement.
PGK Activity Assay. We measured PGK activity using the coupled reaction with glyceraldehyde-3-phosphate dehydrogenase from the previous step of the glycolytic pathway, as described in detail earlier. NADH consumption was monitored as a function of time by following the absorbance at 340 nm. The rate of NADH consumption was measured at various concentrations of the substrate 3-phosphoglycerate and plotted as a function of substrate concentration to extract the enzyme activity. For purposes of comparison, we assayed the activity of wild-type PGK without any labels. Wild-type PGK and all chemicals required for the assay were purchased from Sigma-Aldrich.
Simulation Details. The coarse-grained models of PGK proteins, as well as the simulation methods, are provided in the SI Appendix. The thermodynamic properties of PGK were studied at the volume fractions of crowder Ficoll 70 ϕ c ¼ 0%, ϕ c ¼ 25%, and ϕ c ¼ 40% by coarse-grained molecular simulation (by convention, the volume fraction of crowders is presented as a percentage of total volume; i.e., ϕ c ¼ 25% corresponds to 0.25 of the total volume). Several represented coarse-grained structures were reconstructed to all-atomistic protein models for illustration by using SCAAL (15, 22) .
Structural Characterization of PGK.
To analyze the structural characteristics of PGK, we used four parameters: (i) Overlap function χ is to measure the structural similarity to the crystal structure (21) . χ equals 0 for the crystal structure, 1 for highly dissimilar structures. (ii) The radius of gyration R g is to measure the size of PGK. (iii) Asphericity S and (iv) shape parameters Δ are calculated from the inertia tensor (15) . S lies between −0.25 (oblate ellipsoid) and 2 (prolate ellipsoid). Δ lies between 0 (sphere) and 1 (rod). For a sphere, S and Δ are equal to zero.
Binding Sites Distance Calculation. To calculate the distance between the Mg-ATP and 3PGA binding sites in the characteristic structures of PGK we defined D b to be the distance between the centers of mass of the amino acid residues involved in the two substrate binding sites. The selection of Mg-ATP binding site residues were obtained from ref. 1), while the residues that bind 3PGA were taken from ref. 23 ).
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METHODS:
Coarse-grained model of PGK and Ficoll 70: A coarse-grained off-lattice side-chain C α model (SCM) (1, 2) , where amino acids (except glycine) are represented by two beads, was built based on an all-atomistic model of yeast Phosphoglycerate kinase (PGK) from the Protein Data Bank (PDB ID: 1QPG (3)). The mutation R65Q of this pdb structure was reverted to the original, and three additional mutations were made at positions Y122W/W308F/W333F to match the experiments exactly. Mutations were made using the mutate function of VMD (4) . After the coordinates of the mutated residues were automatically assigned, energy minimization by the conjugate gradient method was applied to avoid steric clashes. The potential energy of this system E is, E= E p +E cc +E pc , where E p , E cc , and E pc are the potential energies of the protein, interactions between crowding agents, and interactions between the protein and crowding agents, respectively (2). The crowding agent (crowder) Ficoll 70, a polymer that adopts a semi-rigid sphere shape as found in experiments(5, 6), was approximated as hard spheres with a radius of 55Å (2) to represent the excluded volume effect.
The potential energy of the protein is E p =E s +E nonbonded . The structural energy, E s , is the sum of the bond-length potential, the bond-angle potential, the dihedral potential, and the chiral potential. Each term was described in previous studies (2) , and the equilibrium values for each term are taken from the crystal structure of PGK. The nonbonded term, E nonbonded , includes the side chain-side chain interaction (E ss ), the side chain-backbone interaction (E sb ), and the backbone-backbone interaction (E bb ). The solvent-mediated interaction between pairs of side chains,  ij , was based on the Betancourt-Thirumalai statistical potential (7). The Betancourt -Thirumalai statistical potential addresses sequence variations where the reference interaction, =0.6 kcal/mol, is based on the Thr-Thr pairwise interactions. E bb is the multiplication of a Lennard-Jones term similar to the equation above and an angular term, A(ρ), that assesses major secondary structures. ρ is the pseudo-dihedral angle that defines the alignment of a pair of backbone hydrogen bond by four C α beads.
Repulsive interactions are used for E bs , E cc , and E pc . The repulsive potential between two particles i and j at a distance r follows: 
Simulation details
An in-house version of AMBER6 (8) was used, in which the Langevin dynamics equations of motion in a low friction limit are integrated (9) . The integration time step is 10
. Methods for preparation of equilibrated periodic boxes of crowders and protein can be found in previous studies (10, 11) . To enhance the sampling efficiency, the Replica Exchange Method (REM) was implemented (12, 13) . Replica exchanges to speed thermodynamic convergence were attempted every 800  L . Molecular simulations were run at 20 different temperatures (0.9<k B T/<1.6, where  is the solvent mediated interaction, 0.6kcal/mol). Exchanges between neighboring replicas i and j are accepted based on the Metropolis criterion (14) with a probability of acceptance:
where  = 1/k B T, and U(r) represents the potential energy of the system. Each replica generates ~40,000 statistically significant conformations for data convergence, where the time separation of sampling is greater than one correlation time. Thermodynamic properties were analyzed with the weighted histogram analysis method (WHAM) (15) .
Definition of PGK domain orientation
To calculate the orientation between the N and C domains of PGK, we defined an angle  formed by two vectors, one from each lobe of the protein. The N-lobe vector is defined between the C α beads of residues 50 and 74, while the C-lobe vector is defined between the C α beads of residues 287 and 360. The specific residues were selected because  in the crystal structure is 0 o and it is sensitive to the overall alignment of two subdomains in a broad selection of structures. Figure S4 . Probability of contact formation for Hydrogen Bond contacts (left column) and side chain contacts (right column). The x and y axes of both panels are residue numbers. Upper triangles present contacts found in the crystal state (Native), while lower triangles contacts that are not found in the crystal state (Nonnative). The top row (A,B) represents the contacts of the crystal structure (labeled C in the right) the middle row (C,D) the contacts of the collapsed crystal (labeled CC) state while the bottom (E,F) the contacts of the spherical (labeled Sph) state. Areas in green rectangles represent formation of new contacts between the nonnative pairs while areas in orange rectangles represent a lost in native contact found in the crystal structure (C state).
